Primary chronic lymphocytic leukemia (CLL) cells are exquisitely sensitive to ABT-737, a small molecule BCL2-antagonist, which induces many of the classical biochemical and ultrastructural features of apoptosis, including BAX/BAK oligomerization, cytochrome c release, caspase activation and chromatin condensation. Surprisingly, ABT-737 also induces mitochondrial inner membrane permeabilization (MIMP) resulting in mitochondrial matrix swelling and rupture of the outer mitochondrial membrane (OMM), so permitting the rapid efflux of cytochrome c from mitochondrial cristae and facilitating rapid caspase activation and apoptosis. BAX and BAK appear to be involved in the OMM discontinuities as they localize to the OMM break points. Notably, ABT-737 induced mitochondrial matrix swelling and OMM discontinuities in other primary B-cell malignancies, including mantle cell, follicular and marginal zone lymphoma cells but not in several cell lines studied. Thus, we describe a new paradigm of apoptosis in primary B-cell malignancies, whereby targeting of BCL2 results in all the classical features of apoptosis together with OMM rupture independent of caspase activation. This mechanism may be far more prevalent than hitherto recognized due to the failure of most methods, used to measure apoptosis, to recognize such a mechanism.
Apoptosis occurs following either triggering of cell surface death receptors (the extrinsic pathway) or perturbation of mitochondria (the intrinsic pathway). In the intrinsic pathway, release of cytochrome c and other proapoptotic proteins from mitochondria to cytosol is described as the most critical event for apoptosis induction. Members of the BCL2 family are important regulators of cytochrome c release and apoptosis and they are associated with resistance of many tumors to chemotherapy. The BCL2 family comprises antiapoptotic members, such as BCL2, MCL1 and BCL-X L , multi-domain proapoptotic members, such as BAX and BAK, and proapoptotic BH3-only proteins, including BAD, BIM and PUMA.
1,2 On receipt of a death signal, BAX and BAK can form oligomers in the outer mitochondrial membrane (OMM), leading to its permeabilization, release of cytochrome c and caspase activation, whereas antiapoptotic BCL2 members prevent this release by blocking activation of BAX and BAK. BH3-only proteins, which act upstream of BAX and BAK, are critical for cell death initiation, and their activity is tightly controlled by diverse transcriptional and post-translational mechanisms. 1, 2 BH3-only proteins selectively bind into the hydrophobic groove of antiapoptotic BCL2 family proteins leading to BAX/BAK activation and mitochondrial outer membrane permeabilization (MOMP). 1, [3] [4] [5] Currently there are two major models proposed to account for loss of cytochrome c from the mitochondrial intermembrane space. The more favored model involves BAX and/or BAK oligomerization with formation of channels in the OMM leading to MOMP. In contrast, formation of channels across the inner mitochondrial membrane (IMM) causes the equilibration of ions between the mitochondrial matrix and cytoplasm resulting in matrix swelling and IMM unfolding. This results in OMM rupture due to the larger surface area of the IMM compared with the OMM. [6] [7] [8] The IMM has an intrinsically low permeability to ions and solutes, which allows the build up of a proton gradient across the IMM, that is required for oxidative phosphorylation. Owing to the highprotein content of the mitochondrial matrix, the osmotic balance between mitochondrial matrix and cytosol requires tight regulation to prevent water influx. The rate of water influx into mitochondria is mainly regulated by the K þ cycle. 9 The process of mitochondrial inner membrane permeabilization (MIMP) is often associated with permeability transition pore (PTP) opening. [10] [11] [12] [13] The PTP is a multi-protein complex which as yet is poorly defined at the molecular level. Previously the PTP was thought to comprise the adenosine nucleotide translocator and cyclophilin D on the IMM complexed with voltage dependent anion channel and the peripheral benzodiazepine receptor on the OMM. 6, 7, 14, 15 However, recent data using knockout animals suggests that only cyclophilin D is a bona fide regulatory component. 16 Several interactions of the components of the PTP with BCL2 proteins have been described; however, the role if any of BCL2 in regulation of MIMP is controversial. 7 An alternative, less studied, model proposes that aggregation of mitochondrial membrane proteins induced by various stresses forms the PTP and initially chaperone-like molecules block this aggregation until a threshold is reached which then results in opening of unregulated pores. 17 In addition to the PTP, several ion channels and aquaporins located in the IMM have been implicated in mitochondrial swelling upon apoptotic stimuli (reviewed in Lee and Thevenod 9 ). Chronic lymphocytic leukemia (CLL) is one of the most common forms of leukemia in adults with about 12 000 new cases identified annually in Europe. Some patients survive many years without therapy whereas others die rapidly despite intensive therapy. In this study, we targeted BCL2 in CLL using ABT-737, a newly designed inhibitor that binds BCL2, BCL-X L and BCL-w with high affinity (K i p1 nM). 18, 19 CLL is a disease of failed apoptosis with high levels of BCL2 and high BCL2/BAX ratios. 20 By inhibiting BCL2, we found that activation of BAX and BAK not only results in MOMP but also contributes to MIMP, swelling of mitochondria and OMM rupture.
Results
ABT-737 induces a rapid concentration-dependent apoptosis of CLL cells. Peripheral blood samples were obtained from CLL patients. Lymphocytes were isolated and exposed to the BCL2-antagonist, ABT-737. ABT-737 caused an extensive and rapid apoptosis in CLL cells with an EC 50 of 7 nM at 4 h ( Figure 1a ) in agreement with previous observations. 18, 21 An enantiomer of ABT-737 (with the opposite configuration of the dimethylaminoethyl group), with both reduced activity and binding affinity to BCL2, 18 failed to induce apoptosis at 4 h and only caused a slight increase in apoptosis after 20 h (Figure 1a) . Exposure of CLL cells to ABT-737 resulted in a time-and concentrationdependent loss of mitochondrial membrane potential (Cm) (Figure 1b) and release of cytochrome c (Figure 1c) . Notably, release of cytochrome c into the cytosol was rapid and complete within 2 h of exposure to ABT-737. In addition OPA1, an IMM protein, was partially released from mitochondria at a similar time as cytochrome c but the release of OPA1 was incomplete with significant amounts retained in the mitochondria (Figure 1c) . Release of mitochondrial cytochrome c results in activation of the Apaf-1 apoptosome followed by activation of the initiator caspase-9 and subsequent activation of effector caspases, such as caspase-3, resulting in the cleavage of caspase substrates, like poly(ADP-ribose) polymerase (PARP) (reviewed in Bratton et al 22 ) . Compatible with this model, we observed a time-dependent processing of caspase-9, -3 and -7 accompanied by PARP cleavage to a characteristic B85-kDa fragment (Figure 1d ). Furthermore, ABT-737-induced apoptosis was inhibited in a concentrationdependent manner by the broad-spectrum caspase Apoptosis via the intrinsic pathway is usually initiated by activation of BAX and/or BAK. Upon exposure to ABT-737, a rapid conformational change of both BAK and BAX was observed in CLL cells within 1 h (Figure 2a) . Transfection with BAX-GFP revealed that BAX-GFP was cytoplasmic in untreated CLL cells, whereas following exposure to ABT-737 it redistributed forming clusters of BAX associated with the mitochondria (Figure 2b and Supplementary Video 1). Oligomerization of both BAX and BAK was observed within 1 h in mitochondrial fractions from ABT-737-treated but not untreated control CLL cells (Figure 2c , lanes 1-2) and this oligomerization was largely unaffected by z-VAD.fmk ( Figure  2c, lanes 3-4) . Therefore, we conclude that targeting of BCL2 by ABT-737 results in rapid activation of BAX and BAK upstream of caspase activation. These data are consistent with ABT-737 inducing rapid apoptosis in primary CLL cells by oligomerization of BAX/BAK and release of cytochrome c, thus resulting in a range of biochemical and ultrastructural changes associated with the induction of classical apoptosis via the intrinsic pathway.
ABT-737 induces rupture of the OMM. The cytoplasm of CLL cells, which extended as a thin rim around the nucleus, contained a few mitochondria with well-defined transverse cristae (Figure 3a) . In addition to the classical nuclear hallmarks of apoptosis (Figure 1g ), ABT-737 induced striking changes in mitochondria, involving swelling of the mitochondrial matrix, focal loss of matrix density and extensive discontinuities of the OMM (Figure 3b) . Following exposure to ABT-737 (10 nM) for 2 h, B64% of cell profiles contained severely swollen mitochondria and B29% exhibited OMM discontinuities, which after 4 h increased to 79 and 61%, respectively. In control untreated cells, B2% of the cell profiles exhibited swollen mitochondria and no OMM breaks were observed. As these counts were from B80 nm sections, they were most probably underestimates of the incidence of changes in whole cells. These changes occurred early, as in some cells they clearly preceded chromatin condensation. The mitochondrial swelling was not uniform throughout the cell population or even within individual cells, and was often restricted to only part of the organelle. On the basis of the previous findings [6] [7] [8] discontinuities of the OMM were consistent with matrix swelling due to MIMP, such as would occur via opening of the PTP. This would lead to unfolding of the IMM, so causing OMM rupture due to the larger surface area of the IMM, compared with the OMM. z-VAD.fmk completely inhibited the nuclear changes induced by ABT-737 but not the matrix swelling or the OMM discontinuities ( Figure 3c and unpublished data). Following pre-treatment with z-VAD.fmk, exposure to ABT-737 for 4 h induced severely swollen mitochondria in B89% and OMM discontinuities in B77% of cell profiles. These results demonstrate that OMM discontinuities are an early upstream caspase-independent event in ABT-737-induced cell death.
To investigate whether the mitochondrial swelling was associated with the drop of Cm, CLL cells were exposed to ABT-737 for 2 h and then sorted by flow cytometry into cells with high and low Cm, as assessed by TMRE uptake. Ultrastructural examination of the sorted cells revealed that cells with high/intact Cm showed no chromatin condensation and no matrix swelling or discontinuities of the OMM (Figure 3d ). However, cells with low Cm (65% of sample) exhibited nuclear chromatin condensation, swollen mitochondria and OMM discontinuities (Figure 3e and f), indicating that mitochondrial swelling and OMM discontinuities were associated with loss of Cm and apoptosis. Taken together, our data describe for the first time that targeting of BCL2 results in two distinctive morphological changes, one involving classic nuclear changes clearly associated with apoptosis and the other involving mitochondrial matrix swelling and OMM discontinuities, ultrastructural changes generally associated with necrosis but not with apoptosis. with MOMP occurring following formation of BAX/BAK channels in the OMM. However, the caspase-independent ABT-737-induced mitochondrial matrix swelling and OMM rupture are consistent with MIMP. To investigate directly whether ABT-737 induced MIMP, we utilized a method that relies on loading cells with calcein acetoxymethyl ester (calcein.AM), a fluorescent probe, together with its quencher, cobalt. 6, 24, 25 Intracellular esterases cleave the probe, resulting in the trapping of calcein in all cellular compartments including mitochondria. The calcein fluorescence is quenched by cobalt in all cellular compartments except mitochondria, which exclude cobalt due to the impermeability of the IMM to this ion. Thus distinct punctate calcein fluorescence coincident with mitochondria is observed in cells with an intact IMM. 6, 24, 25 Compatible with this model, the majority of control CLL cells showed discrete calcein labeling of mitochondria. Some cytosolic background staining was observed, which could be due to inadequate quenching by the cobalt (Figure 5a ). Exposure of CLL cells to ABT-737 (10 nM) for 2 h resulted in loss of the discrete mitochondrial labeling, compatible with the hypothesis that ABT-737 induced MIMP (Figure 5b and c). Since we were primarily interested in early upstream events induced by ABT-737 and not in caspase-mediated processes these experiments were performed in the presence of z-VAD.fmk. To validate further the calcein/cobalt method for assessment of MIMP, CLL cells were exposed to t-butyl hydroperoxide (tBH), a known inducer of PTP opening. 24 Similar to ABT-737, exposure to tBH also resulted in loss of punctate mitochondrial calcein staining compatible with MIMP. However, in contrast to ABT-737, tBH did not induce mitochondrial matrix swelling, OMM rupture or apoptosis (data not shown).
Addition of cyclosporin A, an inhibitor of PTP opening, did not inhibit ABT-737-induced loss of mitochondrial calcein staining, indicating that ABT-737 induces MIMP independent of PTP opening. Furthermore, cyclosporin A did not inhibit ABT-737-induced mitochondrial swelling, OMM rupture, cytochrome c release, drop of Cm or apoptosis as assessed by phosphatidylserine (PS) externalization (Supplementary Figure 1) . PTP opening is highly sensitive to Ca 2 þ or pro-oxidants. 6, 7 Following exposure of CLL cells to ABT-737, we could not detect any increase in reactive oxygen species nor could a number of anti-oxidants confer protection (data not shown).
Taken together these results indicate that ABT-737 induces MIMP independent of the classical PTP. Furthermore, our data suggest that ABT-737-induced MIMP is caspase independent and an early upstream event induced by ABT-737.
Discontinuities in the OMM are a characteristic of rapid apoptosis in CLL cells. The matrix swelling and OMM rupture induced by ABT-737 were surprising as they are not considered a general feature of apoptotic cells. In previous studies, in CLL cells with various apoptotic stimuli, we observed nuclear changes characteristic of apoptosis without marked OMM rupture. 26, 27 However, these agents induced apoptosis more slowly (8-24 h) than ABT-737. To ascertain if the OMM discontinuities were specific to ABT-737 or could be induced by other stimuli that induce rapid apoptosis, CLL cells were exposed to 2-naphthylvinyl ketone, a Jak3 inhibitor, 28 which activates the intrinsic pathway (unpublished data). 2-Naphthylvinyl ketone induced rapid apoptosis in CLL cells, with 57% apoptotic cells after 4 h exposure, and this was accompanied by nuclear condensation, mitochondrial matrix swelling and OMM discontinuities (Figure 6a ). 2-Naphthylvinyl ketone also induced PS externalization, loss of Cm and a rapid conformational change of BAX and BAK accompanied by complete release of mitochondrial cytochrome c and a partial release of OPA1 (Figure 6b and c) . Thus, rapid induction of apoptosis in CLL cells, by agents other than ABT-737, was associated with classical apoptotic hallmarks, such as BAX/ BAK activation and chromatin condensation, as well as marked mitochondrial matrix swelling and OMM discontinuities.
ABT-737 induces OMM discontinuities in primary malignant B cells but not in several cell lines. To ascertain whether ABT-737-induced apoptosis was accompanied by similar OMM discontinuities in other primary cells, we examined its effects on different B-cell malignancies. Nanomolar concentrations of ABT-737 caused a rapid concentration-dependent induction of apoptosis in primary mantle cell, marginal zone and follicular lymphoma cells (Figure 7a ). Exposure of primary mantle cell lymphoma cells to ABT-737 was also accompanied by mitochondrial matrix swelling and OMM rupture (Figure 7b ). Similar matrix swelling and OMM discontinuities were observed in both primary follicular and marginal zone lymphoma cells exposed to ABT-737 (data not shown) indicating that this is a common phenotype of primary human malignant B cells.
Next we wished to examine if similar matrix swelling and OMM breaks were observed in various cell lines. To obtain relatively rapid apoptosis in most cell lines studied to date, it was necessary to expose them to micromolar concentrations of ABT-737 compared with the nanomolar concentrations required to induce apoptosis in primary B-cell malignancies. ABT-737 induced rapid apoptosis in several human cancer cell lines, including Jurkat cells, a T-cell lymphoma line, and Z138 cells, a mantle cell lymphoma line. Induction of rapid apoptosis in Jurkat cells by ABT-737 (3 mM) was accompanied by marked nuclear changes characterized by chromatin condensation and nuclear fragmentation (Figure 7c ). However, the rapid induction of apoptosis in Jurkat cells was not accompanied by either mitochondrial swelling or OMM rupture but rather by the appearance of ultracondensed mitochondria (Figure 7c ), which were not present in untreated Jurkat cells (data not shown). Furthermore, examination of Jurkat cells at earlier times following exposure to ABT-737 did not reveal any evidence that either matrix swelling or OMM breaks was a significant feature of apoptotic Jurkat cells. Similarly, extensive apoptosis was induced in Z138 cells after exposure for 4 h to ABT-737 (1 mM). Although ultrastructural examination of these cells revealed extensive chromatin condensation accompanied by the formation of both ultracondensed and swollen mitochondria, there was no significant rupture of the OMM (data not shown). In conclusion, our data demonstrate that rapid apoptosis induced by ABT-737 in primary malignant B cells is accompanied by ultrastructural changes of mitochondria clearly distinct from those induced in cell lines.
Discussion
ABT-737, developed using NMR-based screening and structure based design, binds with high affinity into the hydrophobic groove of BCL2, BCL-X L and BCL-w, thereby displacing BH3-containing proteins which then lead either directly or indirectly to the activation of BAX and BAK, cytochrome c release and caspase activation. 1, 18, 29 ABT-737 acts specifically through inhibition of antiapoptotic BCL2 family members. To the best of our knowledge no nonspecific actions of ABT-737 have yet been described. Thus, it is reasonable to assume that most if not all of the effects observed in the present study result from the ability of ABT-737 to inhibit BCL2 in CLL cells as freshly isolated CLL cells contain little if any BCL-X L and ABT-737 does not inhibit MCL1.
Two remarkable findings have been revealed in this study, namely a novel paradigm of apoptosis and an exquisite sensitivity of primary CLL cells to ABT-737. ABT-737 causes an extremely rapid induction of apoptosis in CLL cells, accompanied by a host of biochemical and ultrastructural changes characteristic of apoptosis. These biochemical changes include activation and oligomerization of BAX/BAK, release of cytochrome c, loss of Cm, activation of both caspase-9 and caspase-3, cleavage of PARP and externalization of PS (Figures 1 and 2) . The ultrastructural changes include extensive chromatin condensation and nucleolar disintegration (Figure 1g ). All these biochemical and ultrastructural changes have invariably been associated with the induction of classical apoptosis via the intrinsic pathway. However, in addition to all these changes, ultrastructural examination revealed the presence of mitochondrial matrix Figure 6 OMM discontinuities are a common feature of rapid apoptosis in CLL cells. (a) CLL cells, exposed to 2-naphthylvinyl ketone (10 mM) for 4 h, showed condensed chromatin characteristic of apoptosis together with matrix swelling and OMM discontinuities (arrowheads) (bar ¼ 0.5 mm). (b) CLL cells were exposed to 2-naphthylvinyl ketone (10 mM) for 0-4 h and apoptosis assessed by PS externalization (E), data are the mean þ S.E.M. (n ¼ 9), loss of Cm (') (n ¼ 5), or the conformational change in BAX ( þ ) and BAK ( Â ) was assessed (n ¼ 3). (c) Following exposure to 2-naphthylvinyl ketone (10 mM) for the indicated times, cytosol and mitochondria were analyzed by western blotting for cytochrome c (cyt c) and OPA1. The IMM protein, cytochrome c oxidase IV (COX IV), was used as a fractionation control swelling and OMM breaks (Figure 3) , features much more commonly associated with necrosis than apoptosis. Discontinuities of the OMM are consistent with matrix swelling due to MIMP and unfolding of the IMM leading to OMM rupture. [6] [7] [8] Thus, our studies establish a novel paradigm of apoptosis whereby cells exhibit all the characteristic biochemical and ultrastructural changes commonly associated with classical apoptosis as well as matrix swelling and OMM breaks.
How common are OMM breaks as a feature of apoptotic cells? Although some previous studies on the induction of apoptosis have noted OMM discontinuities, their extent and incidence have generally been quite low. 8 To our knowledge, only three published studies using bona fide apoptotic stimuli have shown a high incidence of matrix swelling and OMM breaks. Two of these studies were in hepatocytes in vivo when extensive apoptosis was induced within 5 h. 30, 31 The other report ascribed the induction of such changes, in cell lines induced to undergo apoptosis by various apoptotic stimuli, to PTP opening. 32 Swollen mitochondria and OMM rupture commonly occur late in the process of cell death, including apoptotic cells undergoing secondary necrosis but are comparatively rare at the onset of apoptosis. The rarity of such changes in apoptotic cells may be due to the induction of Freshly isolated mantle cell lymphoma cells were exposed to ABT-737 (30 nM) for 2 h. Rapid apoptosis was induced and ultrastructural examination revealed the presence of chromatin condensation, nuclear fragmentation accompanied by mitochondrial swelling and rupture of the OMM (arrowheads) as shown in the magnified view. (c) Jurkat cells were exposed to ABT-737 (3 mM) for 6 h, which induced 56% apoptosis, assessed by PS externalization. Ultrastructural examination revealed nuclear changes, characteristic of classical apoptosis, including the presence of condensed chromatin and fragmented nuclei. Strikingly, ABT-737 induced the formation of ultracondensed mitochondria in the absence of breaks in the OMM. A similar ultrastructure of ultracondensed but not swollen mitochondria was observed at all time points studied (Bars ¼ 1 mm) apoptosis generally being a slow stochastic process, whereas the rapid synchronized induction of apoptosis by ABT-737 in CLL cells may have facilitated the recognition of cells with OMM breaks.
Using the calcein/cobalt method, it was clear that ABT-737 induced rapid MIMP, which has been associated with PTP opening during cell death ( Figure 5 ). To determine whether MIMP induced by ABT-737 involved PTP opening we used cyclosporin A, a classical PTP inhibitor. Cyclosporin A did not inhibit loss of mitochondrial calcein staining, mitochondrial swelling or OMM rupture. Since sensitivity to cyclosporin A is one of the defining characteristics of the PTP, ABT-737 is likely to induce MIMP without involvement of classical PTP opening. MIMP, mitochondrial swelling and OMM rupture were most likely linked to a BCL2 function that is inhibited by ABT-737 as no swelling was observed upon treatment with the inactive enantiomer of ABT-737 (unpublished data). Mitochondrial matrix volume is controlled primarily by potassium fluxes and many studies have implicated potassium channels in regulating apoptosis. 33, 34 Furthermore, BCL2 inhibits mitochondrial potassium uptake in some apoptotic models. 35 Thus, the ABT-737-induced MIMP observed in the present study may be related to a loss of BCL2 regulation of potassium fluxes.
Importantly the ABT-737-induced OMM breaks occurred early in the apoptotic process and were caspase independent ( Figure 3 ). Owing to difficulties in inhibiting BAX and BAK activation in primary cells, we cannot say definitively whether BAX or BAK are required for OMM breaks. However, the precise localization of BAX and BAK at the OMM breakpoints ( Figure 4 ) strongly suggests that they may be responsible for the OMM rupture. Previously, clusters of BAX have been described as structures adjacent to mitochondria following initial translocation of BAX to mitochondria. 36 The function of these BAX clusters is unclear and appears to be different from the BAX/BAK associated with OMM break points in the current study. In our study, the association of oligomerized BAX/BAK with the OMM and its consequent pore formation could weaken the OMM so rendering it more susceptible to physical tension induced by swelling of the mitochondrial matrix. This might provide a mechanistic link between oligomerized BAX/BAK and the OMM rupture. Thus BCL2, by inhibiting BAX/BAK activation, may exert a novel role in protecting the IMM and maintaining OMM integrity, in addition to its known role in regulating OMM permeability.
Only a portion of cytochrome c (B15-20%) resides in the mitochondrial intermembrane space, while the remainder is stored in the cristae and complete release of cytochrome c during apoptosis involves extensive cristae remodeling by OPA1. 37, 38 Our data, showing that ABT-737 induced a rapid and almost complete release of cytochrome c accompanied by some OPA1 release from CLL mitochondria (Figure 1 ), are compatible with ABT-737-induced remodeling of mitochondrial cristae. The extensive release of cytochrome c should lead to rapid apoptosome formation and consequent caspase activation, further contributing to the very rapid ABT-737-induced apoptosis in CLL cells.
Our data indicate that CLL cells are exquisitely sensitive to ABT-737 (EC 50 of 7 nM at 4 h). Cell lines show wide variations in ABT-737-sensitivity with EC 50 values of 8-220 nM at 48 h in follicular lymphoma cell lines, 0.2-15 mM at 24-48 h in multiple myeloma cell lines, 20 nM to 4100 mM at 48 h in small cell lung cancer cell lines and 190 nM, 420 nM and 1.3 mM at 24 h in HL60, Jurkat and U937 cells, respectively. 18, [39] [40] [41] [42] [43] The relative ABT-737-resistance of many cells has been attributed to high MCL1 levels, as sensitivity has been restored by decreasing cellular MCL1 levels. 29, 40, 42, [44] [45] [46] In marked contrast, the high sensitivity of CLL cells to ABT-737 is largely MCL1 independent (unpublished data). Thus, primary CLL cells appear more sensitive to ABT-737 than all the cell lines studied to date. In this regard, the other primary B-cell malignancies examined in our study have also demonstrated a high sensitivity to ABT-737 with EC 50 values at 4 h of B13, B11 and 117 nM for marginal zone, mantle cell and follicular lymphoma cells, respectively. Owing to the smaller numbers of samples currently obtained (n ¼ 4-7, Figure 7 ), these data are not as reliable as those from CLL cells (n ¼ 60) but primary malignant B cells appear to be much more sensitive to ABT-737 than many cell lines.
It is possible that this greater sensitivity may relate to the ability of ABT-737 to induce mitochondrial matrix swelling and OMM breaks in these primary malignant B cells (Figures 3 and  7) . Few if any such OMM breaks were observed in Jurkat cells exposed to ABT-737 but rather the mitochondria appeared ultracondensed (Figure 7c ), as observed in our earlier study. 47 Ultracondensed mitochondria have also been reported as a consequence of mitochondrial swelling during cell death 48 but condensed mitochondria were rare in primary leukemia or lymphoma cells following exposure to ABT-737. In preliminary studies, in several human cancer cell lines including several mantle cell lymphoma lines (such as Z138), micromolar concentrations of ABT-737 were required to induce rapid apoptosis. However, in contrast to primary lymphoma cells, this was not accompanied by OMM rupture but rather by the appearance of ultracondensed mitochondria (data not shown). Taken together, our present study raises the possibility that ABT-737-induced apoptosis in primary leukemia or lymphoma cells might occur via a mechanism different from that in cell lines. Such differences may relate to metabolic differences between primary cells and cell lines, which generate their ATP primarily by oxidative phosphorylation or glycolysis, respectively.
In summary, we describe for the first time that targeting of BCL2 by ABT-737 results in a novel paradigm of cell death in primary leukemia and lymphoma cells that involves features of both classical apoptosis and necrosis. This novel mode of cell death may be far more prevalent than hitherto realized, as almost all methods commonly used to assess mitochondrial function or structure, including confocal microscopy, flow cytometry or biochemical assays, would not recognize OMM rupture. CLL cells are exquisitely sensitive to ABT-737 and this may be related to its ability to induce MIMP, matrix swelling and breaks in the OMM, so facilitating extensive release of proapoptotic molecules from the mitochondrial intermembrane space and acting as a strong enhancer of apoptosis. The presence of these OMM breaks in both the primary leukemic and lymphoma cells and their absence in the limited number of cell lines studied to date is intriguing and opens important avenues to explore novel mechanisms of cell survival and chemoresistance.
Materials and Methods
Lymphocyte purification and culture. Peripheral blood samples from CLL patients were obtained with patient consent and Local Ethics Committee approval. Lymphocytes were purified and cultured in RPMI-1640 medium supplemented with 10% FCS and 5 mM L-glutamine (all from Life Technologies Inc., Paisley, UK). All incubations were carried out with 2 Â 10 6 cells per ml.
Reagents. z-VAD.fmk (20- Electron microscopy and immunogold labeling. Isolated mitochondrial fractions were fixed for 5 min in 4% paraformaldehyde in buffer containing 220 mM mannitol, 68 mM sucrose, 20 mM HEPES-KOH, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA-Na 2 , 1 mM EGTA-Na 2 , 1 mM DTT, 0.1 mM PMSF, labeled with anti-BAX clone 3 Ab (BD Biosciences) or anti-BAK Ab-1 (Calbiochem) and goat anti-mouse IgG Ab-conjugated with 10 nm gold (BB International, Cardiff, UK). These fractions, like the intact cells, were fixed and processed for electron microscopy as described previously. 26, 47 Electron micrographs were recorded using either a QICAM 12-bit Mono Fast 1394 digital camera and QCapture-Pro software (MAG, Pleasanton, CA, USA) or Kodak 4489 film, in a Zeiss 902A electron microscope. Negatives were scanned at 2000 dots per inch and all digital images were optimized, using auto-levels, before being annotated and arranged using Adobe Photoshop CS3. To avoid subjective interpretation, the percentage of cell profiles containing severely swollen mitochondria and exhibiting OMM discontinuities were estimated by measuring the changes in control and treated cells in blinded fashion.
Determination of apoptosis. Cells were treated with ABT-737 and apoptosis assessed either by PS externalization using AnnexinV/FITC in the presence of propidium iodide (PI) or by loss of Cm using 50 nM TMRE (Molecular Probes), as described previously. 49 Release of mitochondrial cytochrome c from CLL cells was measured essentially as described previously. 27 Briefly, 10 Â 10 6 cells were washed in cold PBS and resuspended in mitochondrial isolation buffer (250 mM sucrose, 20 mM HEPES, pH 7.4, 5 mM MgCl 2 and 10 mM KCl) containing 0.05% digitonin. Cells were left on ice for 10 min followed by centrifugation at 13 000 r.p.m. for 3 min. Subsequently, supernatant and pellets were analyzed by western blotting and stained with anti-cytochrome c Ab (BD Biosciences) or anti-OPA1 Ab (BD Biosciences).
Flow sorting. CLL cells were exposed to ABT-737 (10 nM) for 2 h before staining with TMRE (25 nM). Following staining, 5 Â 10 6 cells were sorted into TMRE high and TMRE low populations directly into 2 Â concentrated fixative (4% glutaraldehyde in 0.1 M sodium cacodylate). The sorted cells were collected by centrifugation and processed for electron microscopy.
Measurement of MIMP. MIMP is most often associated with PTP opening but it can also be caused by other alterations in IMM permeability.
9,10,12,13 MIMP was assessed using the calcein/cobalt method with minor modifications to the previously described method. 24, 25 CLL cells were adjusted to 5 Â 10 6 cells per ml with RPMI-1640 supplemented with 10% FCS. Calcein.AM (100 nM, Invitrogen, Paisley, UK) was added together with CoCl 2 (1 mM, Sigma). The cell suspension was incubated at 371C for 30 min and washed once with an equal volume of fresh medium without calcein and CoCl 2 . Cells were then exposed to ABT-737 for the indicated times and supplemented with CaCl 2 (1 mM), 10 min before the end of treatment. Annexin V-APC conjugates (Invitrogen) were added according to the manufacturer's instructions to detect PS externalization. Hoechst 33342 (250 ng/ml) was also added to the cell cultures to visualize the nuclei. Fluorescent changes were then detected using a Zeiss LSM 510 laser scanning confocal microscope.
